The simultaneous i.v. administration of heroin and cocaine, called a 'speedball,' is often reported clinically, and identification of effective pharmacotherapies is a continuing challenge. We hypothesized that treatment with combinations of a monoamine releaser d-amphetamine, and a mu partial agonist, buprenorphine, might reduce speedball self-administration by rhesus monkeys. Speedballs (0.01 mg/kg/inj cocaine + 0.0032 mg/kg/inj heroin) and food (1 g banana-flavored pellets) were available during four daily sessions on a second-order schedule of reinforcement (fixed ratio (FR)2 (variable ratio (VR)16:S)). Monkeys were treated for 10 days with saline or ascending doses of d-amphetamine (0.0032-0.032 mg/kg/h) + buprenorphine (0.075 or 0.237 mg/kg/day) in combination. d-Amphetamine + both doses of buprenorphine produced an amphetamine dose-dependent decrease in speedball self-administration in comparison to the saline treatment baseline (Po0.01-0.001), but food-maintained responding did not change significantly. d-Amphetamine alone (0.032 mg/kg/h) significantly decreased both food (Po0.01) and speedball-maintained responding (Po0.05). During saline control treatment, speedball unit doses of 0.0032 mg/kg/inj cocaine + 0.001 mg/kg/inj heroin were at the peak of the speedball dose-effect curve. Daily treatment with 0.01 mg/kg/h d-amphetamine + 0.237 mg/kg/day buprenorphine produced a significant downward and rightward shift in the speedball dose-effect curve (Po0.01) and no significant effect on food-maintained responding. A significant decrease in speedball self-administration was sustained over 10 days of treatment. These findings are consistent with our previous reports and suggest that medication mixtures designed to target both the stimulant and the opioid component of the speedball may be an effective approach to polydrug abuse treatment.
INTRODUCTION
Cocaine use by methadone-and buprenorphine (suboxone)-maintained patients is reported by many treatment programs (Kosten et al, 1989; Condelli et al, 1991; Gastfriend et al, 1993; Schottenfeld et al, 1993; Bux et al, 1995; Downey et al, 2000; Beswick et al, 2001; Williamson et al, 2006) . The concurrent abuse of cocaine and opioids has a number of adverse medical consequences including an enhanced risk for lethal drug overdose (NIDA, 2002) . Emergency ward mentions and mortality data indicate that cocaine is the most common secondary illicit drug of abuse among primary heroin abusers (NIDA, 2002) . The simultaneous intravenous administration of heroin and cocaine known as the 'speedball' is common among polydrug abusers (Schütz et al, 1994) and concurrent cocaine and opioid abuse often continues during opioid agonist treatment (Beswick et al, 2001; Williamson et al, 2006) . Speedball abuse may be associated with compromised immune function, and vulnerability to viral infections (AIDS, hepatitis) and bacterial infections (endocarditis, pulmonary infections, abscesses) (Schoenbaum et al, 1989; Kreek, 1991; Pillai et al, 1991; O'Brien, 1996) . Treatment of dual dependence on cocaine and opioids presents a special challenge, because pharmacotherapies for opioid abuse usually are less effective in reducing cocaine abuse, and identification of a consistently effective pharmacotherapy for cocaine abuse remains elusive (Mendelson and Mello, 1996; Vocci et al, 2005) .
The development of new pharmacological treatments can be facilitated by the availability of animal models of drug abuse for evaluating medication efficacy (Mello and Negus, 1996; Mello, 2005) . We developed a model of speedball selfadministration in the rhesus monkey and studied the reinforcing effects of nine speedball combinations of cocaine (0.001, 0.01, and 0.10 mg/kg/inj) and heroin (0.0001, 0.001, and 0.01 mg/kg/inj), and compared these with self-administration of cocaine alone and heroin alone . Intermediate doses of cocaine alone and heroin alone maintained equivalent high levels of drug selfadministration, and combinations of cocaine and heroin usually maintained levels of drug self-administration similar to those maintained by either cocaine or heroin alone . Dose-dependent decreases in foodmaintained responding occurred during cocaine, heroin, and speedball self-administration, but speedball self-administration was not associated with any other overt toxic effects over the period of observation .
We subsequently examined the effects of medication combinations designed to target the cocaine and the heroin component of speedball self-administration. We found that a combination of the dopamine antagonist flupenthixol and the opioid antagonist quadazocine was more effective in reducing both speedball self-administration and speedball discrimination than either antagonist alone Mello and Negus, 1999) . In addition, chronic treatment with a combination of the dopamine reuptake inhibitor indatraline and the partial mu opioid agonist buprenorphine significantly reduced speedball self-administration in comparison to saline treatment, whereas the same doses of each medication alone had no significant effect on speedball-maintained responding (Mello and Negus, 2001 ). These findings were consistent with our hypothesis that medication combinations designed to target both the stimulant and the opioid components of the speedball may be an effective approach to polydrug abuse treatment. This hypothesis has been supported by recent clinical reports that a combination of d-amphetamine and methadone reduced both cocaine and heroin use in heroin and cocaine abusers (Grabowski et al, 2004a) .
We now report evaluation of the effects of another treatment medication combination, d-amphetamine + buprenorphine, on speedball self-administration by rhesus monkeys. We have previously reported that chronic administration of buprenorphine alone (0.237 mg/kg/day) selectively reduced speedball self-administration and shifted dose-effect curves for combinations of low doses of cocaine (0.001 mg/kg/inj) and heroin (0.0001-0.032 mg/kg/inj) downward and approximately one log unit to the right . However, when higher doses of cocaine (0.01 and 0.1 mg/kg/inj) were combined with heroin, this dose of buprenorphine was less effective in reducing speedball self-administration. Other doses of buprenorphine (0.075 or 0.75 mg/kg/day) did not significantly decrease self-administration of a speedball combination of 0.01 mg/kg/inj cocaine and 0.0032 mg/kg/inj heroin . In contrast, buprenorphine (0.075 and 0.237 mg/kg/day) significantly reduced self-administration of heroin alone and shifted the heroin dose-effect curve (0.0001-0.10 mg/kg/inj) downwards and to the right .
The present study examined whether or not the addition of d-amphetamine to buprenorphine would decrease speedball-maintained responding more effectively than either d-amphetamine or buprenorphine alone. We choose d-amphetamine for study because it selectively decreased cocaine self-administration maintained on a second-order schedule and on a progressive ratio schedule (Negus and Mello, 2003a, b) and in a cocaine vs food choice procedure (Negus, 2003) , but d-amphetamine's effects on speedballand food-maintained responding have not been examined previously. Buprenorphine reduced both opioid and cocaine self-administration in preclinical studies (for a review, see Mello, 2005) . For example, buprenorphine decreased the self-administration of opioids (heroin and hydromorphone) (Mello et al, 1983; Mello and Negus, 1998) ; morphine (Harrigan and Downs, 1981) ; alfentanil (Winger et al, 1992) , as well as cocaine in rhesus monkeys (Mello et al, 1989 (Mello et al, , 1990 (Mello et al, , 1992 (Mello et al, , 1993a Winger et al, 1992; Lukas et al, 1995) and produced minimal and transient effects on food-maintained responding.
It is well established that buprenorphine reduces heroin self-administration in inpatient clinical studies (Mello and Mendelson, 1980; Mello et al, 1982) and opioid abuse in outpatient clinical trials (Johnson et al, 1992; Strain et al, 1994 ; for a review, see Bickel and Amass, 1995; Fudala and Johnson, 1995; Jones, 2004) . Buprenorphine was approved by the FDA as a treatment for opioid abuse in 2002, and also reduced both opioid and cocaine use in outpatient studies of persons dependent on both cocaine and opioids (Kosten et al, 1989; Gastfriend et al, 1993; Schottenfeld et al, 1993; Montoya et al, 2004) . In controlled clinical laboratory studies in polydrug abusers, buprenorphine (4 mg s.l.) decreased the number of choices of high doses of cocaine (16 and 32 mg/70 kg) over tokens that could be exchanged for cigarettes, a variety of preferred foods and access to movies and music (Foltin and Fischman, 1994) . It was concluded that buprenorphine may be more effective in reducing cocaine abuse in speedball users than in persons who use cocaine independently of opioids (Foltin and Fischman, 1995) .
One goal of the present study was to evaluate the effects of chronic treatment with d-amphetamine + buprenorphine on the self-administration of a range of doses of cocaine + heroin speedball combinations by rhesus monkeys. A second goal was to examine the effects of d-amphetamine alone on speedball self-administration. Finally, this study also allowed us to compare preclinical and clinical findings because both d-amphetamine and buprenorphine have been studied in clinical trials (for a review, see Grabowski et al, 2004b ). As we have discussed elsewhere, systematic comparison of clinical and preclinical medication evaluations is important for establishing the predictive validity of animal drug self-administration models (for a review, see Mello and Negus, 1996; Mello, 2005) . This report is the first evaluation of the effects of a combination of the monoamine releaser, d-amphetamine and buprenorphine, an opioid mixed agonist-antagonist, on self-administration of cocaine and heroin (speedball) combinations in rhesus monkeys.
METHODS

Subjects
Four male rhesus monkeys (Macaca mulatta) that weighed between 6 and 12 kg were studied. All monkeys had selfadministered cocaine for at least 1 year before cocaine + heroin speedball combinations were made available for self-administration. Speedball-maintained responding was studied for at least 1 month before these studies began. Monkeys received multiple vitamins, fresh fruit and vegetables, and Lab Diet Jumbo Monkey Biscuits (PMI Feeds Inc., St Louis, MO) to supplement a banana-flavored pellet diet, fortified with vitamin C (P.J. Noyes Co., Lancaster, NH). Food supplements were given between 1700 and 1730 hours. Water was continuously available. A 12-h light-dark cycle was in effect (lights on 0700-1900 hours), and the experimental chamber was dark during food and drug self-administration sessions.
Animal maintenance and research were conducted in accordance with the guidelines provided by the Institute of Laboratory Animal Resources (ILAR-NRC, 1996) . The facility is licensed by the US Department of Agriculture, and protocols were approved by the Institutional Animal Care and Use Committee. Monkeys were observed at least twice every day. Any changes in general activity were noted. The observer was not blind to the treatment condition. In addition, the health of the monkeys was periodically monitored by consultant veterinarians trained in primate medicine. Operant food and drug acquisition procedures provided an opportunity for enrichment and for monkeys to manipulate their environment (Line, 1987) . Monkeys had visual, auditory, and olfactory contact with other monkeys throughout the study.
Surgical Procedures
Double lumen Silicone
s rubber catheters (I.D. 0.028 in, O.D. 0.088 in) (Saint Gobain Performance Plastics, Beaverton, MI) were surgically implanted in the internal jugular, external jugular, or femoral vein to permit i.v. drug and treatment administration. All surgical procedures were performed under aseptic conditions. Monkeys were initially sedated with ketamine (5-10 mg/kg, i.m.), and anesthesia was induced with sodium thiopental (10 mg/kg, i.v.). Atropine (0.05 mg/kg) s.c. or i.m. was administered to reduce salivation. Following insertion of an endotracheal tube, anesthesia was maintained with isofluorane (1-2% mixed with oxygen). After surgery, monkeys were given procaine penicillin G at 20 000 U/kg, i.m. twice daily for 5 days, or cephalexin 20 mg/kg, p.o. twice daily for 5 days. An analgesic dose of buprenorphine (0.032 mg/kg, i.m.) was administered twice daily for 3 days.
The intravenous catheter exited in the mid-scapular region and was protected by a tether system consisting of a custom-fitted nylon vest connected to a flexible stainlesssteel cable and fluid swivel (Lomir Biomedical, Inc., Malone, NY). This flexible tether system permits monkeys to move freely. Catheter patency was evaluated periodically by administration of either a short-acting barbiturate, methohexital sodium (3 mg/kg), or ketamine (5 mg/kg) through the catheter lumen. If muscle tone decreased within 10 s after drug administration, the catheter was considered patent.
Behavioral Procedures and Apparatus
Monkeys were housed individually in stainless-steel chambers (64 Â 64 Â 79 cm) equipped with a custom-designed operant response panel (28 Â 28 cm), a pellet dispenser (Gerbrands Model G5210, Arlington, MA) and two syringe pumps (Model 981210, Harvard Apparatus, Inc., South Natick, MA), one for each lumen of the double-lumen catheter. During food self-administration sessions, the response key on the operant panel was illuminated with a red light, and responding under an FR2 (VR16:S) schedule resulted in presentation of a 1 g banana-flavored pellet (P.J. Noyes Co., Lancaster, NH). During drug self-administration sessions, the response key was illuminated with a green light, and responding under an FR2 (VR16:S) schedule resulted in delivery of 0.1 ml of saline or a drug solution over 1 s through one lumen of the double-lumen catheter. A 10-s time-out followed delivery of each drug or saline injection or food pellet. Schedules of reinforcement were programmed with custom-designed software and IBMcompatible computers and interface systems (Med Associates, St Albans, VT). Additional details of this apparatus have been described previously .
Four food sessions and four drug sessions were conducted during each experimental day, and at all other times, responding had no scheduled consequences. Food sessions began at 0600, 1100, 1500 and 1900 hours, and drug sessions began at 0700, 1200, 1600 and 2000 hours. Each food and drug session lasted for 1 h or until 25 food pellets or 20 injections had been delivered. Monkeys could earn a maximum of 100 food pellets per day and 80 injections per day. These behavioral procedures were identical to those used in our studies of the effects of d-amphetamine alone on cocaine self-administration (Negus and Mello, 2003a) and the effects of several drugs on speedball selfadministration ).
Drug Self-Administration Procedures
All monkeys were trained to self-administer cocaine (0.032 mg/kg/inj, i.v.) and subsequently given access to speedball combinations of cocaine and heroin. During speedball self-administration, cocaine and heroin were prepared in a single solution and delivered through one catheter lumen as in our previous studies Mello and Negus, 1998, 1999) . The simultaneous administration of cocaine and heroin combinations was designed to simulate one type of speedball self-administration reported clinically (Schütz et al, 1994) .
Heroin and cocaine (speedball) dose combinations. The speedball combination studied was a 3 to 1 ratio of cocaine to heroin that consisted of 0.01 mg/kg/inj cocaine in combination with 0.0032 mg/kg/inj heroin. In our previous studies, these unit doses of cocaine alone and heroin alone each maintained high rates of drug self-administration at or near the peak of the cocaine and heroin dose-effect curves Mello and Negus, 1998) . Moreover, this cocaine + heroin combination maintained high rates of speedball self-administration in our previous studies Mello and Negus, 1998 ).
d-Amphetamine, Buprenorphine, and Saline Treatments d-Amphetamine treatment was implemented using a procedure identical to that used in our previous studies of the effects of d-amphetamine on cocaine self-administration (Negus and Mello, 2003a) . Specifically, infusions of saline or d-amphetamine were administered through the intravenous catheter in volume of 0.1 ml every 20 min from 1030 hours until 0930 hours the next morning, for a total of three injections per hour and 69 injections per day (total injection volume of 6.9 ml). Doses of d-amphetamine are described in mg/kg/h. Buprenorphine was administered through the intravenous catheter in a volume of 0.1 ml every minute from 0930 to 1020 hours for a total of 50 infusions in 50 min (total infusion volume of 5 ml). Doses of buprenorphine are described in mg/kg/day. This procedure was identical to that used in our previous studies of the effects of buprenorphine on self-administration of cocaine alone, heroin alone, or speedball combinations of cocaine and heroin (Mello et al, 1989 (Mello et al, , 1990 (Mello et al, , 1992 (Mello et al, , 1993a Mello and Negus, 1998) .
Sequence of d-Amphetamine + Buprenorphine Treatment Conditions
The effects of daily treatment with saline, d-amphetamine alone, or d-amphetamine + buprenorphine in combination on speedball-and food-maintained responding were studied. Each treatment condition was in effect for 10 days to evaluate the time course of any effects observed (for a discussion, see Mello and Negus, 1996) . At the end of each treatment condition, saline control treatment and the maintenance speedball dose (0.01 mg/kg/inj cocaine + 0.0032 mg/kg/inj heroin) were in effect for at least 4 days, and until responding for cocaine and food returned to baseline levels. This interval of saline treatment was designed to prevent any effects of one treatment condition from influencing the effects of a subsequent treatment condition. The same procedures were used in our earlier reports of treatment medication effects on speedball selfadministration .
In Experiment 1, the effects of d-amphetamine alone (0.032 mg/kg/h) and d-amphetamine + buprenorphine combinations on responding maintained by food and speedball doses of 0.01 mg/kg/inj cocaine + 0.0032 mg/kg/inj heroin were examined in four monkeys. Three doses of damphetamine (0.0032, 0.01, and 0.032 mg/kg/h) were administered in combination with two doses of buprenorphine (0.075 or 0.237 mg/kg/day). These relative and absolute doses of d-amphetamine + buprenorphine were based on our earlier studies that examined the potency of d-amphetamine in decreasing cocaine self-administration (Negus and Mello, 2003a) and the potency of buprenorphine in decreasing heroin self-administration in rhesus monkeys .
In Experiment 2, a speedball self-administration doseeffect curve was determined for six cocaine and heroin combinations: 0.00032 mg/kg/inj cocaine + 0.0001 mg/kg/inj heroin to 0.10 mg/kg/inj cocaine + 0.032 mg/kg/inj heroin. Each speedball dose combination was studied for 10 days during saline treatment. Then, the effects of treatment with a combination of d-amphetamine (0.01 mg/kg/day) + buprenorphine (0.237 mg/kg/day) on the speedball doseeffect curve were evaluated in three of the same monkeys. Each of the six speedball dose combinations was available for self-administration for 10 days during saline treatment and during d-amphetamine + buprenorphine treatment.
Drugs
Cocaine HCl, heroin (3,6-diacetylmorphine HCl), and buprenorphine HCl were obtained in crystalline form from the National Institute on Drug Abuse, NIH. The purity of cocaine and heroin was certified by Research Triangle Institute, Research Triangle Park, North Carolina, to be greater than 98%. d-Amphetamine sulfate was purchased from Sigma Chemical Co. (St Louis, MO). All drugs were dissolved in sterile saline or sterile water, filter-sterilized using a 0.22 mm Millipore filter, and stored in sterile, pyrogen-free vials. All doses were calculated using the salt forms of the drugs described above.
Data Analysis
The dependent variables were the number of saline or speedball injections per day and the number of food pellets per day. Statistical analyses were based on the mean (7SEM) number of injections and food pellets per day delivered during the last 3 days of a 10-day treatment condition. Changes in drug-and food-maintained responding during treatment with d-amphetamine and buprenorphine administered alone or in combination were statistically compared with the saline treatment baseline with an ANOVA for repeated measures and Contrast tests or Fishers post hoc tests. Huynh-Feldt Epsilon factors were used to adjust for degrees of freedom of within-group means (Super ANOVA Software Manual, Abacus Concepts, Inc., Berkeley, CA, 1989) . In addition, the mean numbers of injections and food pellets delivered each day during a 10-day availability of 0.0032 mg/kg/inj cocaine + 0.001 mg/kg/ inj heroin during treatment with saline or 0.01 mg/kg/h amphetamine + 0.237 mg/kg/day buprenorphine are shown graphically. Daily patterns of speedball-and food-maintained responding were compared with ANOVA for repeated measures on corresponding days during saline treatment and d-amphetamine + buprenorphine treatment.
RESULTS
Experiment 1: Effects of Chronic d-Amphetamine + Buprenorphine Treatment on Speedball-and Food-Maintained Responding Figure 1 shows the effects of chronic treatment with saline, six combinations of d-amphetamine + buprenorphine, and one dose of d-amphetamine alone on responding maintained by speedball combinations and food pellets. During the saline baseline treatment, monkeys self-administered an average of 7472.4 (mean7SEM) speedball injections per day and 100 (70) (mean7SEM) food pellets per day. dAmphetamine and buprenorphine combinations produced an amphetamine dose-dependent decrease in speedballmaintained responding. Speedball self-administration decreased significantly during treatment with the highest dose of d-amphetamine (0.032 mg/kg/h) in combination with each dose of buprenorphine (0.075 mg/kg/day and 0.237 mg/kg/day). When the same dose of d-amphetamine (0.032 mg/kg/h) was administered alone, speedball selfadministration also decreased significantly below saline treatment baseline levels (Po0.05). During treatment with d-amphetamine alone, speedball-maintained responding was slightly greater than when the same dose of damphetamine was combined with buprenorphine, but these differences were not statistically significant.
d-Amphetamine + buprenorphine did not significantly alter food-maintained responding, although food-maintained responding was decreased in some monkeys. There was a tendency for suppression of food-maintained responding to be amphetamine dose-dependent and greater during co-administration of the low dose of buprenorphine (0.075 mg/kg/day) than the high dose of buprenorphine (0.237 mg/kg/day). Food-maintained responding was significantly suppressed by d-amphetamine alone. Saline treatment. Figure 2 shows the effects of the last 3 days of 10 days of treatment with saline or with a combination of d-amphetamine (0.01 mg/kg/h) and buprenorphine (0.237 mg/kg/day) on the speedball dose-effect curve and concurrent food-maintained responding. During saline treatment, when saline was available for selfadministration, monkeys took an average of 28.172.4 (mean7SEM) injections per day and 94.975.1 (mean7 SEM) food pellets per day. When a 3:1 cocaine/heroin speedball combination was available during saline control treatment, the speedball dose-effect curve had an inverted-U shape. The lowest speedball dose studied (0.00032 mg/kg/ inj cocaine + 0.0001 mg/kg/inj heroin) maintained responding similar to saline levels. Speedball doses over a range of 0.001 mg/kg/inj cocaine + 0.00032 mg/kg/inj heroin to 0.01 mg/kg/inj cocaine + 0.0032 mg/kg/inj heroin each maintained significantly more responding than saline (Po0.05-0.01). A unit dose of 0.0032 mg/kg/inj cocaine + 0.001 mg/ kg/inj heroin was at the peak of the speedball dose-effect curve and maintained 79.670.4 (mean7SEM) speedball injections per day. During saline treatment, food-maintained responding did not change significantly from baseline except at a speedball unit dose of 0.032 mg/kg/inj cocaine + 0.01 mg/kg/inj heroin (Po0.05).
d-amphetamine + buprenorphine treatment. Treatment with the 0.01 mg/kg/h d-amphetamine + 0.237 mg/kg/day buprenorphine combination produced a downward and rightward shift in the speedball self-administration doseeffect curve. Speedball unit doses on the ascending limb and the peak of the dose-effect curve, during saline treatment, maintained significantly lower levels of speedball selfadministration during d-amphetamine + buprenorphine treatment (Po0.05-0.001). Moreover, in comparison to saline treatment, speedball doses of 0.001 mg/kg/inj cocaine + 0.00032 mg/kg heroin and 0.0032 mg/kg/inj cocaine + 0.001 mg/kg/inj heroin maintained lower levels of responding during d-amphetamine + buprenorphine treatment (Po0.05-0.01). Food-maintained responding during treatment with d-amphetamine + buprenorphine did not differ significantly from levels of food-maintained responding during saline treatment. Figure 3 shows daily patterns of speedball-and foodmaintained responding during 10 days of treatment with saline or a combination of 0.01 mg/kg/h d-amphetamine + 0.237 mg/kg/day buprenorphine. This speedball dose (0.0032 mg/kg/inj cocaine + 0.001 mg/kg/inj heroin) is at the peak of the speedball dose-effect curve shown in 
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Figure 2. During saline treatment, speedball self-administration did not change significantly across the 10-day period. During treatment with d-amphetamine + buprenorphine, speedball-maintained responding decreased from 63.3710.5 injections on day 1 to 23.0713.1 injections on day 10 (left panel). Speedball injections were significantly lower than during saline treatment on days 7 through 10 (Po0.05). Speedball self-administration decreased to 36.3711.8 injections per day by the seventh day of treatment and remained significantly below baseline throughout the remainder of the treatment period. During saline treatment, food-maintained responding averaged between 94.3 and 100 pellets per day (right panel). Foodmaintained responding did not change significantly from saline treatment levels throughout the 10 days of d-amphetamine + buprenorphine treatment. 
DISCUSSION
Effects of d-Amphetamine + Buprenorphine Combinations on Speedball Self-Administration This is the first report that a combination of d-amphetamine + buprenorphine selectively reduced cocaine + heroin (speedball) self-administration in rhesus monkeys, and this effect persisted during 10 days of treatment. This medication combination was chosen because d-amphetamine alone selectively reduced cocaine self-administration by nonhuman primates in three behavioral procedures (Negus, 2003; Negus and Mello, 2003a, b) , and buprenorphine alone selectively reduced both cocaine and opioid self-administration in both clinical and preclinical studies (Mello et al, 1989; Mello and Negus, 1998; Montoya et al, 2004 ; for a review, see Bickel and Amass, 1995; Jones, 2004; Mello, 2005) . Food-maintained responding during d-amphetamine + high-dose buprenorphine treatment was not significantly different from food-maintained responding during saline control treatment. d-Amphetamine alone also reduced speedball self-administration significantly, but in contrast to our previous studies of d-amphetamine's effects on cocaine alone, this effect was not selective (Negus, 2003; Negus and Mello, 2003a, b) .
Results of the present study support the hypothesis that a combination of medications that target both the cocaine and the heroin component of the speedball might reduce self-administration more effectively than only one of the same medications alone (Hemby et al, 1996; Mello and Negus, 1999) . These findings are also consistent with our previous reports that combinations of the dopamine antagonist flupenthixol and the opioid antagonist quadazocine, as well as combinations of the dopamine reuptake inhibitor indatraline and the partial mu opioid agonist buprenorphine, significantly reduced speedball self-administration by rhesus monkeys, whereas the same doses of each medication alone had no significant effect (Mello and Negus, 1999, 2001) . In the present study, the combination of d-amphetamine + buprenorphine was also more effective than buprenorphine alone in reducing self-administration of speedballs consisting of high doses of cocaine + heroin . In rodents, microinjection of a combination of a dopamine D1 receptor antagonist and a mu receptor antagonist into the nucleus accumbens dosedependently decreased i.v. speedball self-administration maintained on a progressive ratio schedule, and this combination reduced motor activity less than either antagonist alone (Cornish et al, 2005) . A dual medication approach to the treatment of speedball abuse assumes that the interactions between cocaine and heroin are critical determinants of the abuse-related effects of speedballs. Yet there remains considerable disagreement about the nature of that interaction.
Most preclinical studies of speedball effects are consistent with anecdotal clinical reports (Brecher, 1972; Schütz et al, 1994) and with findings from controlled clinical laboratory studies that mu opioid agonists usually enhance the abuserelated effects of cocaine Fischman, 1992, 1995; Preston et al, 1996; Walsh et al, 1996) . In rhesus monkeys and in rodents, combinations of cocaine and mu opioids appear to be more reinforcing than either component drug alone under most (Mattox et al, 1997; Rowlett and Woolverton, 1997; Duvauchelle et al, 1998; Ranaldi and Munn, 1998; David et al, 2001; Wang et al, 2001; Rowlett et al, 2005; Smith et al, 2006; Winger et al, 2006) but not all conditions Hemby et al, 1996; Ward et al, 2005) . For example, cocaine and heroin at unit doses that did not maintain self-administration alone were significantly more reinforcing than saline when combined in a speedball in rhesus monkeys (Rowlett and Woolverton, 1997; Rowlett et al, 2005) . The relative efficacy of opioids at mu receptors did not appear to influence the enhanced reinforcing effects of speedballs when the opioid component consisted of the high-efficacy agonist alfentanil and the low efficacy agonist nalbuphine (Rowlett et al, 2005) . Cocaine self-administration was enhanced at relatively low doses of heroin, alfentanil, and nalbuphine, even though nalbuphine alone did not maintain self-administration (Rowlett et al, 2002) . In addition, microdialysis studies in rats indicate that cocaine + heroin mixtures increase levels of extracellular dopamine significantly above levels measured after cocaine or heroin alone (Hemby et al, 1999) . Another microdialysis study found that a cocaine + heroin combination produced supra-additive effects on extracellular dopamine from the nucleus accumbens in comparison to heroin alone (Smith et al, 2006) .
Several investigators have attempted to clarify the nature of the interactions between cocaine and opioid combinations using mathematical approaches. Isobolographic analyses of choice between food pellets and heroin or cocaine alone or cocaine + heroin mixtures by rhesus monkeys were interpreted to indicate that the effects of these drug combinations were additive or sub-additive, not superadditive (Negus, 2005) . In rats, isobolographic analysis of the ascending limb of the i.v. cocaine, heroin, and cocaine + heroin self-administration dose-effect curve also indicated that the combination of cocaine + heroin produced an additive effect relative to cocaine or heroin alone (Smith et al, 2006) . In contrast, behavioral economic analyses of demand curves for combined opioid and cocaine selfadministration by rhesus monkeys have yielded inconsistent findings (Mattox et al, 1997; Rowlett et al, 2005; Winger et al, 2006) .
Effects of d-Amphetamine + Buprenorphine Combinations on Food-Maintained Responding
During saline treatment, food-maintained responding remained relatively stable across the range of speedball doses studied except at the highest doses (0.032 mg/kg/inj cocaine + 0.01 mg/kg/inj heroin). This speedball dose decreased food-maintained responding significantly during saline treatment, but not during d-amphetamine + buprenorphine treatment. These findings suggest that buprenorphine antagonized the rate-decreasing effects of the highest speedball dose on food-maintained responding. Consistent with this interpretation, speedball self-administration during treatment with d-amphetamine + a low dose of buprenorphine (0.075 mg/kg) produced a greater reduction in food-maintained responding than during treatment with d-amphetamine + a higher dose of buprenorphine (0.237 mg/kg).
The relative stability of food-maintained responding during treatment with d-amphetamine and buprenorphine combinations is consistent with our previous findings with each drug alone. d-Amphetamine over a dose range of 0.01-0.10 mg/kg/h had less effect on food-maintained responding than on cocaine self-administration maintained on a second-order schedule or a progressive ratio schedule (Negus and Mello, 2003a, b) , or a food vs cocaine choice procedure (Negus, 2003) . During 28 days of chronic treatment with d-amphetamine (0.10 mg/kg/h), food-maintained responding remained at baseline levels after an initial suppression for seven days (Negus and Mello, 2003b) . Similarly, in the present study during speedball selfadministration and 10 days of treatment with amphetamine alone (0.032 mg/kg/h), food-maintained responding was significantly lower than during the saline treatment baseline.
Buprenorphine usually produced an initial transient decrease in food-maintained responding during cocaine, heroin, or speedball self-administration on a second-order schedule (Mello et al, 1989 (Mello et al, , 1992 Mello and Negus, 1998 ; for a review, see . However, foodmaintained responding returned to saline treatment baseline levels within 2 or 3 days, and did not decrease significantly even during 4 months of chronic buprenorphine treatment (Mello et al, 1992) . The transient and minimal effects of buprenorphine on food-maintained responding during drug self-administration appear to be a consistent pattern. The extent to which this reflects the development of tolerance to buprenorphine's effects or buprenorphine's antagonism of the rate-decreasing effects of cocaine, heroin, and speedballs cannot be determined with certainty from these data. Importantly, in the present study, the decreases in speedball self-administration during d-amphetamine + buprenorphine treatment were selective and could not be explained by a general suppression of operant behavior.
Implications for Preclinical Evaluation of Medications for Drug Abuse Treatment
The major finding of the present study is that a combination of d-amphetamine + buprenorphine significantly reduced speedball self-administration and shifted the speedball dose-effect curve downwards and to the right in rhesus monkeys. Assessing the clinical relevance of animal models of drug self-administration is challenging, because many of the potential treatment medications that are effective in preclinical studies have not been approved by the FDA for evaluation in man. Consequently, there are relatively few opportunities for cross validation of medication effectiveness between preclinical studies and clinical trials (Mello and Negus, 1996; Mello, 2005) . Fortunately, both d-amphetamine and buprenorphine have been used clinically, so it is possible to compare the degree of concordance between preclinical and clinical studies. Data in the present study are concordant with reports that the combination of d-amphetamine and methadone effectively reduced both cocaine and heroin use in polydrug abusers (Grabowski et al, 2004a, b) . The effectiveness of d-amphetamine for the treatment of cocaine abuse in stimulant abusers has been demonstrated in a series of clinical studies (for a review, see Grabowski et al, 2004a) . d-Amphetamine also selectively reduces cocaine self-administration by rhesus monkeys with minimal effects on food-maintained responding (Negus, 2003; Negus and Mello, 2003a, b) . Buprenorphine consistently reduces cocaine self-administration in both clinical and preclinical studies . Buprenorphine also reduces heroin and speedball self-administration in both clinical and preclinical studies Mello and Negus, 1998; Montoya et al, 2004; Negus, 2006) . Taken together, these clinical and preclinical data suggest that this speedball selfadministration model in non-human primates is useful for evaluation of new pharmacotherapies for drug abuse treatment (Mello, 2005) .
